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We investigate the electromechanical coupling between a nanomechanical resonator
and two parametrically coupled superconducting coplanar waveguide cavities that are
driven by a two-mode squeezed microwave source. We show that, with the selective
coupling of the resonator to the cavity Bogoliubov modes, the radiation-pressure type
coupling can be greatly enhanced by several orders of magnitude, enabling the single
photon strong coupling to be reached. This allows the investigation of a number of in-
teresting phenomena such as photon blockade effects and the generation of nonclassical
quantum states with electromechanical systems.
Cavity optomechanics [1–3] and electromechanics [4–
6] are pretty promising for fundamental studies of large-
scale quantum phenomena as well as appealing applica-
tions in quantum science and technology. Recent experi-
mental progresses have demonstrated ground state cool-
ing of the mechanical resonators [7, 8], coherent coupling
between cavity and mechanical modes [9–11], optome-
chanically induced transparency [12, 13], and the gener-
ation of squeezed light [14, 15]. In despite of these re-
markable advances, however, there is a serious hindrance
in this exciting field, i.e., the radiation-pressure coupling
is too weak to ensure dynamics of the system in the sin-
gle photon strong coupling regime. Current experiments
have mainly relied on strong optical driving, which en-
hances the coupling at the expense of making the effective
interaction linear. As a result, this linear optomechani-
cal interaction does not possess the ability of generating
nonclassical states or give rise to true photon-photon in-
teractions for implementing single-photon quantum pro-
cesses.
To give a better understanding and fully exploit the
regime of strong radiation pressure coupling, it is highly
desirable to find an efficient method for realizing the
strong nonlinear interaction between the vibrations and
the electromagnetic field in a realistic setup. Such a
regime is particularly important to test the fundamental
theory of quantum physics and to explore potential ap-
plications of optomechanical or electromechanical devices
to future quantum technology [16–30]. Some recent the-
oretical proposals for entering the strong coupling regime
include the use of collective effects in arrays of mechanical
oscillators [31] and Kerr nonlinearity via the Josephson
effect [32, 33], as well as the usage of an inductive cou-
pling to a flux-dependent quantum circuit [34].
Recently, a proposal using the squeezed optical cavity
field to enhance the nonlinear coupling in an optomechan-
ical system has been introduced [35]. In that proposal,
the single-mode cavity field is squeezed by an optical χ(2)
nonlinear medium, while the broadband-squeezed vac-
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uum is introduced to suppress the noise of the squeezed
cavity mode. Though this protocol seems promising, it
can not be straightforwardly applied to electromechanical
systems. First, that proposal needs an optical nonlinear
crystal possessing a large χ(2) nonlinearity, which is quite
demanding and technically challenging in the field of elec-
tromechanics with microwave frequencies. Secondly, in
order to have implications in quantum information sci-
ence, it is desirable to consider multi-cavities rather than
a single cavity for the purpose of distributed quantum
computation and quantum network [36]. However, the
generalization of this model to the case of coupled optical
cavities is still difficult. Fortunately, the above issues can
be overcome by considering two coupled superconducting
coplanar waveguide (CPW) cavities with the parametri-
cal coupling form [37, 38].
In this work, we investigate an electromechanical sys-
tem consisting of a nanomechanical resonator capaci-
tively interacting with two parametrically coupled CPW
cavities. We show that, when the cavities are driven by
a spectrally broadband two-mode squeezed vacuum, the
radiation-pressure type coupling of the resonator to the
cavity Bogoliubov modes can be greatly enhanced by sev-
eral orders of magnitude. By suitably tuning the sys-
tem parameters such as the squeezing parameter of the
driving source, the flux driving frequency and the para-
metric coupling strength, the single photon electrome-
chanical coupling strength can be tailored such that it
can exceed the cavity decay rate. This single photon
strong coupling of electromechanical interactions allows
the studies of single-photon quantum processes such as
photon blockade and the production of nonclassical pho-
ton states harnessing the optomechanical nonlinearity.
With currently available technology in cavity electrome-
chanics, this proposal can be realistically implemented
in experiments and provides an appealing platform for
implementing quantum technologies.
Results
The setup. As shown in Fig. 1, we consider an elec-
tromechanical system consisting of a nanomechanical res-
onator capacitively coupled to a superconducting CPW
cavity, which is also coupled to another auxiliary waveg-
2uide cavity by means of a superconducting quantum in-
terference device (SQUID) [37, 38]. The SQUID driven
by external fluxes allows a fast modulation of the electri-
cal boundary condition of the cavities and their interac-
tion [37, 38]. In a recent experiment, it has demonstrated
a 3 D microwave superconducting cavity parametrically
coupled to a transmission line cavity by a Josephson ring
modulator [39]. The mechanical resonator couples to the
cavity field via radiation-pressure coupling, while the two
cavities interact with each other with the form of para-
metric coupling. In the frame rotating at half the flux
driving frequency ωd, the system Hamiltonian reads
Hˆ = ~∆1aˆ
†
1aˆ1 + ~∆2aˆ
†
2aˆ2 + ~ξ(aˆ
†
1aˆ
†
2 + aˆ1aˆ2)
+~ωmbˆ
†bˆ+ ~gaˆ†1aˆ1(bˆ
† + bˆ), (1)
where aˆj is the annihilation operator for the jth cavity
mode with frequency ωj , ∆j = ωj − ωd/2, ξ the para-
metric coupling strength between the cavities, ωm the
mechanical vibration frequency with annihilation oper-
ator bˆ, and g the radiation-pressure coupling strength
between the resonator and the first cavity. The cavities
are driven by an external source of two-mode squeezed
microwave field, which can be produced with a non-
degenerate Josephson parametric amplifier [41–44]. As-
suming that the bandwidth of the squeezed microwave
field is larger than the cavity damping rate κ, then the
interaction between the cavity modes and the external
squeezed field is described by [45]
Lcρˆ = κM(aˆ1ρˆaˆ2 + aˆ2ρˆaˆ1 − aˆ1aˆ2ρˆ− ρˆaˆ1aˆ2 +H.c.)
+
κ
2
(N + 1)
∑
j=1,2
(2aˆj ρˆaˆ
†
j − aˆ
†
j aˆj ρˆ− ρˆaˆ
†
j aˆj)
+
κ
2
N
∑
j=1,2
(2aˆ†j ρˆaˆj − aˆj aˆ
†
j ρˆ− ρˆaˆj aˆ
†
j). (2)
Here M and N are related to the statistics of the driv-
ing broadband two-mode squeezed field: M accounts for
the intermode correlations, and N is the average photon
number for both modes. For perfect two-mode squeezed
vacuum, we have M = sinh r0 cosh r0 and N = sinh
2 r0,
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FIG. 1. (Color online) Schematic of the proposed electrome-
chanical setup. A nanomechanical resonator capacitively cou-
ples to a superconducting CPW cavity, which is also cou-
pled to another cavity with the form of parametric coupling.
These cavities are driven by a spectrally broadband two-mode
squeezed vacuum from the output of a non-degenerate Joseph-
son parametric amplifier.
with r0 the squeezing parameter. Therefore, the master
equation describing the system dynamics reads
dρˆ(t)
dt
= −
i
~
[Hˆ, ρˆ] + Lcρˆ+ Lmρˆ, (3)
where
Lmρˆ =
γm
2
(nth + 1)(2bˆρˆbˆ
† − bˆ†bˆρˆ− ρˆbˆ†bˆ)
+
γm
2
nth(2bˆ
†ρˆbˆ− bˆbˆ†ρˆ− ρˆbˆbˆ†), (4)
with γm the mechanical decay rate, and nth the thermal
phonon number of the mechanical mode.
Enhanced electromechanical coupling via
squeezed source driving.To get more insight
into the system’s dynamics, it is convenient to introduce
two delocalized cavity Bogoliubov modes [46–48]
Aˆ1 = cosh r0aˆ1 + sinh r0aˆ
†
2
Aˆ2 = cosh r0aˆ2 + sinh r0aˆ
†
1. (5)
Using these cavity Bogoliubov modes, the cavity driven
term can be rewritten as
Lcρˆ =
κ
2
∑
j=1,2
(2Aˆj ρˆAˆ
†
j − Aˆ
†
jAˆj ρˆ− ρˆAˆ
†
jAˆj). (6)
This means that for the cavity Bogoliubov modes, the
dissipation caused by the system-bath coupling is just
like that induced by a vacuum bath. Furthermore, if we
choose r0 =
1
4 ln
a+2
a−2 , with a =
∆1+∆2
ξ
, then through
straightforward derivations, the system Hamiltonian can
be written as
Hˆ = ~Ω1Aˆ
†
1Aˆ1 + ~Ω2Aˆ
†
2Aˆ2 + ~ωmbˆ
†bˆ
+~g(bˆ† + bˆ)(cosh2 r0Aˆ
†
1Aˆ1 + sinh
2 r0Aˆ2Aˆ
†
2
− sinh r0 cosh r0Aˆ
†
1Aˆ
†
2 − sinh r0 cosh r0Aˆ1Aˆ2).(7)
Here
Ω1 = 1/2[(∆1 +∆2 − 2ξ)e
2r0 +∆1 −∆2]
Ω2 = 1/2[(∆1 +∆2 − 2ξ)e
2r0 +∆2 −∆1]. (8)
In the interaction picture with respect to
Hˆ0 = ~Ω1Aˆ
†
1Aˆ1 + ~Ω2Aˆ
†
2Aˆ2 + ~ωmbˆ
†bˆ (9)
and under the condition Ω1 +Ω2 ≫ g sinh r0 cosh r0, ωm,
this allows us to selectively activate interaction terms in
the system dynamics as
Hˆeff = Hˆ0 + ~G1(bˆ
† + bˆ)Aˆ†1Aˆ1 + ~G2(bˆ
† + bˆ)Aˆ†2Aˆ2(10)
with G1 = g cosh
2 r0 and G2 = g sinh
2 r0. In the case of
cosh2 r0 ≫ 1, and sinh
2 r0 ≫ 1, one has G1 ≃ G2. This
Hamiltonian describes the electromechanical coupling be-
tween the resonator and the cavity Bogoliubov modes
Aˆj(j = 1, 2) with the effective coupling strengths Gj . To-
gether with the cavity dissipation described by (6) and
mechanical decay, the system dynamics is just like that a
3mechanical resonator simultaneously couples to two pho-
tonic modes, with photon dissipation caused by a vac-
uum bath. In this case, the radiation-pressure coupling
strength Gj can be greatly enhanced. By suitably tuning
the system parameters ∆1,∆2, ξ and the driving source
parameter r0, this coupling strength can be increased by
several orders of magnitude to reach the strong-coupling
regime, i.e., Gj > κ, nthγm. This is the main result of this
work : by coupling the mechanical resonator to cavity Bo-
goliubov modes, and driving the cavities by a broadband
two-mode squeezed vacuum, the radiation-pressure cou-
pling can be greatly enhanced, even allowed to reach the
strong coupling regime.
Fig. 2 presents the calculated coupling strength G1 and
the Bogoliubov mode frequency Ω1 as functions of the
system parameter ξ. The results for G2 and Ω2 are similar
to those for G1 and Ω1 as presented in Fig. 2. As the pa-
rameter ξ approaches the critical value ξ0 = 0.5(∆1+∆2),
the coupling strength G1(G2) can get a very large value,
while the Bogoliubov mode frequency Ω1(Ω2) tends to be
very small. However, there is an optimal point at which
both the coupling strength G1(G2) and the frequency
Ω1(Ω2) can get a relatively large value, i.e., G1 ∼ 8κ and
Ω1 ∼ 8ωm. The Bogoliubov mode frequencies Ω1 and Ω2
are controllable frequencies, which are determined by the
driving frequency detunings ∆1,∆2 and the parametric
pumping strength ξ. They should have a relatively large
value as compared to the parameters g sinh r0 cosh r0 and
ωm. In this case we can ignore the parametric amplifi-
cation terms for the Bogoliubov modes in Eq. (6) and
obtain the standard electromechanical radiation-pressure
interactions displayed in Eq. (7). This confirms that the
single photon strong coupling can be reached with the
chosen parameters.
We now consider whether the parameter regime is ex-
perimentally accessible with current experimental setups.
From Fig. 2 we find that the scheme works well when
ξ ∼ 1000ωm. For nanomechanical resonators with fre-
quencies from several kHz to several MHz, the paramet-
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FIG. 2. (Color online) The radiation pressure coupling
strength G1, and the Bogoliubov mode frequency Ω1 ver-
sus the system parameter ξ. The relevant parameters are
∆1 + ∆2 = 2000ωm, g = 0.001ωm, and κ = 0.02ωm. In the
inset G1 versus the squeezing parameter r0.
rical coupling strength ξ between the cavities is on the
order of hundreds of MHz. This coupling strength is
well accessible with current circuit QED setups [39]. The
value of g ∼ 0.001ωm is an order of magnitude lager than
that achieved via mechanical resonators with frequen-
cies of several MHz in current technology [5]. However,
by the usage of mechanical resonators with low frequen-
cies of hundreds of kHz, the value of g ∼ 0.001ωm is
accessible in present experiments [40]. From the inset
of this figure, we also note that this proposal requires
a two-mode squeezing source with a very large squeez-
ing parameter r0. Though this requirement is somewhat
challenging, it is within reach of the state-of-the-art ex-
periments. Recent experiments in two-mode squeezing
of microwave radiation rely on the amplification of quan-
tum noise by the Josephson Parametric Converter [41–
44]. It has been demonstrated that the generated two-
mode squeezing source can possess the highest gain of
cosh2(r0) = −51 dB, which corresponds to a squeezing
parameter r0 ∼ 6.5. Therefore, this protocol can be real-
ized with the state-of-the-art techniques of superconduct-
ing integrated circuits and electromechanical systems.
Applications.The effective strong coupling offers great
potential for single-photon manipulation and quantum
states generation. For example, the photon blockade phe-
nomenon existing in the strongly coupled optomechanical
system can occur in this system. This is quantitatively
characterized by the zero-delay second-order correlation
function
g
(2)
i (0) = 〈Aˆ
†
i Aˆ
†
i AˆiAˆi〉(t)/〈Aˆ
†
i Aˆi〉
2(t). (11)
This quantity provides a direct experimental measure
for nonclassical antibunching effects if g
(0)
i < 1 and for
g
(0)
i → 0 indicates a full photon blockade for the ith Bo-
goliubov mode.
We now discuss the feasibility of the measurement of
the photon statistics in experiments. A challenge here is
that the Bogoliubov modes are a linear combination of
the two cavity modes, and are more difficult to be ad-
dressed separately. We assume the first cavity is weakly
driven by a probe field with frequency ωp and amplitude
E . The Hamiltonian is given by
Hˆp = E(aˆ1e
iωp + aˆ†1e
iωp). (12)
In the frame rotating at half the flux driving frequency
ωd and in the Bogoliubov mode representation, we have
Hˆp = E [cosh r0Aˆ1e
iω′p − sinh r0Aˆ
†
2e
iω′p +H.c.] (13)
with ω′p = ωp − ωd/2. Under the condition ω
′
p ≃ Ω1,Ω2,
ω′p + Ω2 ≫ E sinh r0, E cosh r0, ωm, we can safely ignore
the rapidly oscillating terms under the rotating-wave ap-
proximation
Hˆp = E [cosh r0Aˆ1e
iω′p +H.c.]. (14)
Therefore, with suitably choosing the probe parameters,
one can selectively address the Bogoliubov modes on de-
mand. The measurement of the photon statistics needs
4FIG. 3. (Color online) (a) Cavity excitation spectrum S1(∆0)
with different values of the coupling strength G1/ωm in the
resolved sideband regime κ ∼ 0.1ωm. (b) The second-order
correlation function g
(2)
1 (0) versus time. In both plots, T = 0
and Q = 103.
monitoring the signal coming out from the system and it
is not known how the detailed measurement goes.
In Fig.3 (a), we plot the excitation spectrum for the
first Bogoliubov mode
S1(∆0) = lim
t→∞
〈Aˆ†1Aˆ1〉/n0, (15)
obtained by numerically solving Eq (3), as a function of
the detuning ∆0 = Ω1−ω
′
p for different values of the cou-
pling strength G1/ωm, with n0 = E
2 cosh2 r0/κ
2. We ob-
serve in the resolved sideband regime κ≪ ωm, a redshift
of the zero phonon line (ZPL) towards ∆0 = −G
2
1/ωm
and the appearance of additional resonances at multi-
ples of the mechanical frequency. These peaks result
from phonon-assisted excitation processes, providing a
clear indication for single-photon strong coupling op-
tomechanics. In Fig.3 (b) we present numerical results for
the second-order correlation function g
(2)
1 (0) versus time
through solving the master equation (3) with the trans-
formed Hamiltonian (7). It is clear that the steady state
value for g
(2)
1 (0) approaches zero for the first Bogoliubov
mode, which is a strong signature of photon blockade.
Discussion and conclusion.
In this work, we focus on implementing the idea using
two parametrically coupled superconducting cavities in
an electromechanical system. The usage of two cavi-
ties rather than one is particularly appealing when one
considers applying this proposal to quantum information
processing such as distributed quantum computation and
quantum network. This proposal can also apply to a sin-
gle microwave cavity capacitively coupled to a mechan-
ical resonator. In this case, it will need a single-mode
squeezed field to drive the cavity, and a superconducting
qubit in the cavity to produce the desired nonlinearity
for the cavity mode [49].
To conclude, we have proposed an efficient method
for enhancing the radiation-pressure type coupling in an
electromechanical system. We have shown that, by driv-
ing the cavities with a two-mode squeezed microwave
source and selectively coupling the resonator to the cav-
ity Bogoliubov modes, the effective interaction strengths
between the mechanical resonator and the cavities can be
enhanced into the single-photon strong-coupling regime.
This allows the investigation of a number of interesting
phenomena such as photon blockade effects and the gen-
eration of quantum states with currently available tech-
nology in the field of cavity electromechanics.
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